Actin-myosin-ATP
interaction is supposed to produce the motive force for cytoplasmic streaming in plasmodia of Physarum polycephalum. ' We found that the actin-myosin-ATP interaction as measured by superprecipitation of myosin B (natural actomyosin) was inhibited by Ca2+.2) As half-maximal inhibition occurred at ,uM levels of Ca2+, we proposed that Ca2+ controls cytoplasmic streaming by inhibiting the actin-myosin-ATP interaction,2) which is opposite to the role of Ca2+ in the regulation of the actin-myosin-ATP interaction in muscle. Recently, this result has been confirmed by Ogihara et al.3) In our previous studies, the actin-myosin-ATP interaction using actin and myosin purified from the Ca'-sensitive myosin B was apparently insensitive to Ca2+.2) '4) Later, however, we found that Ca2+ at pM levels exerted an inhibitory effect on the skeletal muscle actinactivated ATPase activity of plasmodial myosin5)'6) which was prepared by essentially the same procedures described in the previous study.4) We also noticed that actin-myosin-ATP interaction was influenced by Mgt+.4)-6) Recently, we estimated the intracellular pH and the concentrations of ATP and Mg2+ from studies using 31P-nuclear magnetic resonance of living Physarum plasmodia. 7 > Under these physiological conditions indicated by this study, we re-examined the effect of Ca2+ on the skeletal muscle actin-activated ATPase activity of myosin, paying attention to the question whether myosin or actin is responsible for the effect.
Materials and method. Plasmodia of Physarum polycephalum (strain Ng-1 supplied by Prof. S. Hatano, Nagoya University) were grown in the dark on rolled oats.g) The fresh migrating sheets of plasmodia were collected and immediately subjected to myosin B *' This work was supported partly by grants from the Yamada Science Foundation and the Aino Hospital Foundation. preparation procedures and then to myosin purification procedures described previously.4~ Actin was prepared from chicken skeletal muscle.9>
ATPase activity was measured using a pH stat at 25°C10) initially in 0.1 mM EGTA in an assay pot containing 10 ml of assay medium. By adding accumulatively CaCl2 to the assay pot, ATPase activity at higher Ca-+ concentrations could be determined. The Ca2+ concentration was calculated using apparent binding constants for Ca/EGTA of 2.5x 106 M-1 at pH 7.0 and 1.6x 106 M-1 at pH 6.9.11),12) SDS polyacrylamide gel electrophoresis (SDS PAGE) was performed as to examine myosin purity described by Laemmli.13 Protein concentrations were determined by the method of Lowry" using bovine serum albumin as a standard.
Results. The effects of Ca2+ on ATPase activities were examined in 30 mM KC1, 0.5 mM ATP, 1.5 mM Mg acetate and 0.1 mM Ca-EGTA buffer at pH 6.90 ( Fig. 1 ). In the absence of Ca2+, the Mg-ATPase activities of myosin in the absence and presence of actin were 5.1 and 115.8 n mol min-1 mg-1 myosin, respectively.
Actinactivated ATPase activity decreased with increase in the Ca2+ concentration; the Ca2+ concentration giving half-maximal inhibition was 2.8 pM. At 0.5 mM Ca`', the actin-activated ATPase activity was reduced to 11.8 n mol min-1 mg-1 myosin, i.e., 10.2% of the activity in the absence of Ca2+. The Mg-ATPase activity of myosin alone was also inhibited by Ca2+ ; in 0.5 mM Ca2+, the activity was reduced to about 30% of that in the absence of Cat. We also examined the inhibitory effects of Ca2+ on actin-activated ATPase activities of myosin at different Mg2+ concentrations, i.e., in 30 mM KC1, 1 mM Mg2+, 1 mM Mg-ATP and 0.1 mM Ca-EGTA buffer at pH 7.00 and in 6 mM KCI, 9 mM Mg2+, 1 mM Mg-ATP and 0.1 mM Ca-EGTA buffer at pH 7.00. The Ca2+ concentrations giving 50% of the activity in the absence of Ca2+ were 1.0 uM in 1 mM Mg2+ and 30 pM in 9 mM Mg2+ (data were not shown), respectively.
Thus at a higher Mg2+ concentration, a higher Ca2 concentration was required to produce the same inhibitory effect of the ATPase activity, suggesting that the effect of Mg2+ may be caused by competition with Ca2+ in binding to myosin. In the previous study4~ the assays were carried out in 7-8 mM Mg2+ to facilitate superprecipitation of reconstituted actomyosin.
Therefore the inhibitory effect of Ca2+ was obscured. Since crude homogenate of plasmodia contains soluble ATPase (presumably ATP pyrophosphohydrolase1J~), which is activated by pM levels of Ca2+,16) interpretation of the Mg-ATPase activity of crude myosin B is complicated. As ATP pyrophosphohydrolase hardly hydrolyze UTP,1j~ UTP was used instead of ATP to examine the effect of Ca2+ on actin-myosin interaction in the crude myosin B preparation (Fig. 2) . Hydrolysis of UTP in 30 mM KC1, 1 mM UTP, 2 mM Mg acetate and 0.1 mM Ca-EGTA buffer at pH 7.00 was inhibited by Ca2+ ; the Ca2+ concentration giving half-maximal in- [Vol. 60(B), hibition of Mg-UTPase activity of myosin B was less than pM, i.e., 0.6 ~cM. Under the same conditions, the Ca2+ concentration giving half-maximal inhibition of actin-activated UTPase activity of myosin was higher, i.e., 6.9 pM (Fig. 2) , than that of actin-activated ATPase activity of myosin (1.0 ~M, see above) . Therefore it is likely that the Ca2+ concentration giving half-maximal inhibition of actin-myosin-ATP interaction in the crude myosin B preparation is not more than that for the actin-myosin-UTP interaction in the crude myosin B preparation (Fig. 2) . This Ca2+ concentration corresponds to intracellular Ca2+ concentration in plasmodia17) (cf. 18) ), suggesting that myosinlinked Ca2+ control of actin-myosin-ATP interaction plays a role in the regulation of cytoplasmic streaming of plasmodia.
The fact that Ca2+ exerts an inhibitory effect on Mg-UTPase activity of crude myosin B more efficiently than on actin-activated UTPase activity of myosin as mentioned above (Fig. 2) suggests that crude myosin B contains regulatory protein (s) other than myosin, e.g., a Ca2tdependent inhibitory factor that confers inhibitory Ca2+-sensitivity on reconstituted Physarum actomyosin even in high Mg2+ concentration.4~
However, we cannot rule out the possibility that myosin is modified in some way during preparation and does not show the full Ca2+-sensitivity observed with myosin in the crude myosin B preparation.
Discussion. Intracellular pH and concentrations of ATP, K+ and Mg2+ have been measured by the different methods including 31P-nuclear magnetic resonance study on living Physarum plasmodia7~ : pH=6.97) or 7.O_7.519); [ATP]i=0.2-0.5 mM,7~ 0.4 mM20~ or less21 or about 2 mM22> ; [Mg2+] i= about 1 mM7~ ; [K]1== about 30 mM.23> Under these physiological conditions, actin-myosin-ATP interaction in crude myosin B preparation seems to be sensitive to Ca2+ at 1iM levels (Fig. 2) . We have also shown that myosin is responsible for this inhibitory Ca2+-sensitivity (Fig. 1) . Since myosin seems to exist in native state in the crude myosin B preparation, the Ca2+-sensitivity of myosin appears to be an inherent property of myosin rather than an artefact produced during myosin preparation.
Nachmias has prepared myosin whose actin-activated ATPase activity in 0.1 mM Ca2+ was reduced to 64% of that in the absence of Ca2+.24) However, she failed to find its physiological significance in relation to the Ca2+-control of Physarum cytoplasmic streaming, because the inhibitory effect of Ca2+ was too slight.24~ Moreover, the Mg-ATPase activity of her myosin B preparation was activated by Ca2+.25' In contrast to her conclusion,24) '2j) the present study supports the idea that the inhibitory effect of Ca2+ is the physiological basis for the regulation of cytoplasmic streaming in plasmodia. 
